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Sister chromatids are held together, from the time they are made
during S phase until they are pulled apart just before cell division, by
a protein complex called cohesin. The mechanistic details by which
sister chromatid cohesion is established and maintained have re-
mained elusive, particularly in vertebrate systems. Sororin, a protein
that interacts with the cohesin complex, is essential for cohesion in
vertebrates, but how it participates in the process is unknown. Here
we demonstrate that sororin recruitment depends on active DNA
replication and that sororin loading onto chromosomes depends
upon another essential cohesion factor, the acetyltransferase Eco2.
We find that Eco2, like sororin, is a substrate of the anaphase-
promoting complex (APC), which ensures that protein levels remain
low before S phase. These findings demonstrate that sororin and
Eco2 work together to form a unique regulatory module that limits
cohesion to cells with replicated chromatin and support a model in
which cohesion in vertebrates is not fully established until the G2
phase of the cell cycle.
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The events that result in sister chromatid cohesion are con-
ceptually divisible into three discrete steps: cohesin loading,

cohesion establishment, and cohesion maintenance.
Cohesion establishment, thought of as the conversion of DNA-

bound cohesin complexes to a state in which they hold two sister
chromatids together, is poorly understood at the molecular level.
Several lines of evidence suggest that establishment occurs during
DNA replication (1). An emerging model is that cohesin loads on
the chromatin before replication (2, 3) and the Smc3 subunit of the
complex is then modified by members of the Eco family of ace-
tyltransferase proteins (Eco1/Ctf7 in yeast) (4–7). Eco-dependent
acetylation makes cohesin refractory to the activity of the Wapl
protein, which destabilizes cohesin/chromatin interactions in G2
(5, 8). Eco1/Ctf7 interacts directly with replication fork compo-
nents, perhaps explaining how cohesion establishment is in-
tegrated with DNA replication (9–11). In the absence of bothEco1
and Wapl/Rad61, cohesion is still established (5). This suggests
that cohesion establishment is in fact a default state that in the
absence of Wapl/Rad61 need not be integrated with DNA repli-
cation by Eco1.
It is not clear whether cohesion maintenance is an active pro-

cess, or simply the result of stable associations that develop during
DNA replication. In support of the latter hypothesis, in vertebrates
a pool of cohesin that associates stably with the chromatin devel-
ops during DNA replication and persists into G2 (12). It has been
proposed that this stable pool of cohesin represents complexes that
are actively engaged in cohesion. Just what this stability represents
at a molecular level is not known. To date, the only factors ex-
clusively involved in maintenance have their most obvious impact
in metaphase where they influence the ability to resist removal of
cohesin from the chromosomes in mitosis (13–15).
In a screen for cell cycle-regulated proteins, we identified

a protein we named sororin and showed that this protein interacts
with the cohesin complex and is required for cohesion (16).
Sororin is a substrate of the anaphase-promoting complex (APC),

a ubiquitin ligase that controls the degradation of a number of cell
cycle regulators. Thus, sororin is degraded as cells exit mitosis and
begins to accumulate during S phase. Sororin is required for de-
velopment of the stable pool of cohesin in G2 cells (17) and thus is
involved in either cohesion establishment or maintenance. To date
there is no clear structural or functional ortholog of sororin outside
of the chordates.
To better understand how sororin controls cohesion, we have

used the Xenopus egg extract system to analyze how sororin re-
cruitment is regulated by DNA replication, cell cycle progression,
and the presence of other cohesion factors. Here we show that,
unlike the cohesin complex, sororin association with the chromatin
requires DNA replication. We also show that the sororin-binding
site accumulates during DNA replication and requires the pres-
ence of the cohesin complex. Sororin added to extracts after rep-
lication is complete is still able to bind chromatin, indicating that it
recognizes a site that persists in the G2 phase of the cell cycle.
Recruitment of sororin requires the Eco2 acetyltransferase, which
we demonstrate also to be regulated by cell cycle-dependent ubiq-
uitylation. Finally, we show that Eco2must be present duringDNA
replication to allow sororin recruitment. We propose that sororin
and Eco2 cooperate to ensure that cohesion only occurs in cells
with replicated chromatin.

Results
Sororin Recruitment to Chromatin Requires the Cohesin Complex.
Demembranated sperm nuclei added to interphase Xenopus egg
extract decondense, assemble a nuclear envelope and chromatin,
undergo one round of DNA replication, and establish sister
chromatid cohesion all through recruitment of factors from the
extract. In previous work we showed that sororin overexpression
increases the amount of cohesin associated with mitotic chromo-
somes assembled in egg extracts (18). This suggested a model in
which sororin is required to recruit cohesin to chromatin. To test
this hypothesis directly, we immunodepleted sororin from egg
extracts and then assessed levels of cohesin associated with chro-
matin over the course of nuclear assembly and DNA replication.
Sperm nuclei were added to sororin-depleted extracts, samples
were collected at various times, and chromatin-associated cohesin
and sororin were assayed by immunoblot. The levels of chromatin-
associated cohesin are unaffected in extracts depleted of sororin
(Fig. 1A). In contrast, when cohesin is depleted from extracts
with anti-Smc3 antibody before addition of nuclei, chromatin-
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associated sororin levels are greatly reduced (Fig. 1A; ΔSmc3).
Although sororin is able to interact with the cohesin complex,
depletion of cohesin did not lead to loss of sororin from the extract,
nor did depletion of sororin lead to a reduction in cohesin levels
(Fig. S1). This suggests that the interaction between sororin and
cohesin is not constitutive in egg extracts and is consistent with
earlier results showing that the affinity between sororin and
cohesin is low in solution and unlikely to survive most fraction-
ation techniques (17, 18). Thus sororin recruitment to the chro-
matin depends on cohesin, but cohesin binds efficiently in the
absence of sororin.
Cohesin is recruited to chromatin in telophase coincident with

replication licensing (2, 3). When replication licensing is blocked,
cohesin no longer associateswith the chromatin.We testedwhether
replication licensing might similarly regulate sororin recruitment.
Geminin is a cell cycle-controlled protein that prevents recruitment
of the essential licensing factor Cdt1 to origins of replication (19–
21). Consistent with our observation that cohesin binding to chro-
matin is important for sororin recruitment, the addition of geminin

to egg extract to inhibit licensing blocked both cohesin and sororin
binding to the chromatin (Fig. 1B).

Sororin Recruitment to Chromatin Requires DNA Replication. Fol-
lowing the replication-licensing step, prereplication complexes
(pre-RCs) are formed. This leads to the recruitment of a complex
of several proteins including the Cdc7 kinase, its activating subunit
Dbf1, and the cohesin loading proteins Scc2 and Scc4, to the
chromatin (22), which in turn leads to cohesin loading on the
chromatin. We were interested in determining whether sororin
was recruited to the chromatin at a similar step. Addition of the
cyclin-dependent kinase (cdk) inhibitor protein p27 is sufficient to
block the onset of DNA replication by preventing origin firing,
which requires phosphorylation of replication proteins. The
binding of Cdc7/Drf1/Scc2/Scc4 complex, and thus cohesin, is
unaffected by inhibition of Cdks. To test whether sororin loading is
affected by Cdk activity, we added p27 to extracts and then assayed
recruitment of cohesin and sororin to the chromatin. Consistent
with previously published results (3), cohesin recruitment was
unaffected by the presence of p27 protein. In contrast, sororin
binding to the chromatin was greatly reduced (Fig. 1B). This
indicates that cohesin binding to chromatin is necessary but not
sufficient for sororin binding.
There are several possible models for how p27 addition might

uncouple the chromatin loading of cohesin and sororin. The first
is that Cdk activity—either phosphorylation of sororin itself or
of some other chromatin-associated protein(s)—is required for
sororin to bind chromatin. Another possibility is that sororin re-
cruitment requires replication elongation, which is also blocked
when Cdk activity is inhibited. To distinguish between these two
models we determined whether sororin recruitment was affected
by aphidicolin, an inhibitor of PolαDNApolymerase. Aphidicolin
inhibited sororin binding to the chromatin (Fig. 1B). Together
with the p27 result, our data indicate that full sororin recruitment
to chromatin requires not just replication licensing and pre-RC
formation, but replication elongation.

Sororin Can Bind Efficiently After DNA Replication Is Complete. We
next designed and performed an experiment to determine whether
sororin is recruited only during DNA replication or whether the
sororin-binding site persists after replication is complete (Fig. 2).
We depleted sororin from interphase extract, added sperm nuclei,
and at various times after initiation of the reaction removed part of
the reaction and added in vitro-translated sororin to it. Aliquots of
these subreactions were collected at the indicated times, and the
levels of chromatin-associated sororin and cohesin were assessed
by immunoblot. Sororin added to sororin-depleted extracts before
DNA replication (t = 0) did not efficiently bind to chromatin,
consistent with normal kinetics of both cohesin and sororin binding
in untreated extract. However, as time progressed, sororin added
to the reaction was recruited to chromatin with increasing effi-
ciency. Maximal sororin binding was achieved on nuclei that had
been in the reaction for≈90min, which is whenDNA replication is
largely complete (Fig. 2C). Interestingly, the levels of sororin as-
sociated with the chromatin at the end of the experiment (t=150′)
were comparable in all samples, regardless of when sororin was
added (Fig. 2D). These results indicate that sororin binding sites
on chromatin accumulate during DNA replication and remain
available after DNA replication is complete.
To confirm that sororin recruitment can occur when DNA

replication is no longer active, we determined whether addition of
aphidicolin would affect the kinetics of sororin binding to chro-
matin. Nuclei were added to sororin-depleted extract and the
nuclear assembly and replication reaction was allowed to proceed
for 80 min. Aphidicolin was added and after a brief incubation, in
vitro-translated sororin was added. When compared with vehicle
control (DMSO), addition of aphidicolin had no effect on the
kinetics of sororin loading although DNA replication was greatly

Fig. 1. Regulation of sororin recruitment to chromatin by the cohesin
complex and DNA replication. (A) Sororin depends on cohesin for association
with chromatin. Nuclear assembly reactions were set up in extract that had
been depleted of cohesin (ΔSmc3), sororin (Δsororin), or mock-depleted
(mock), and chromatin was isolated at the indicated time points and assayed
for cohesin (Smc3) and sororin by immunoblot. Control: background band
used as loading control. (B) Sororin recruitment requires DNA replication.
Sperm nuclei were added to interphase extract supplemented with geminin,
p27, aphidicolin, or a buffer control (mock). At the indicated times, chro-
matin was isolated and analyzed by immunoblot for the presence of cohesin
(Smc3) and sororin. (C) DNA replication assay of the same samples shown in
B. All three inhibitors effectively blocked DNA replication. Coomassie stained
histones were used as a loading control (Lower).
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inhibited. (Fig. 2 E and F). We conclude that the sororin-binding
sites developed during DNA replication remain available when
further replication is inhibited. The requirement for the cohesin
complex (Fig. 1), in conjunction with these data suggests that
sororin binds chromatin-associated cohesin that has been modi-
fied during DNA replication.

Eco2 Is Necessary but Not Sufficient for Sororin Recruitment to
Chromatin. Because Eco-mediated acetylation of cohesin subunits
underlies replication-dependent cohesion establishment we de-
cided to test whether this modification also regulates sororin bind-
ing. There are two Eco protein family members in vertebrates.
Antibodies were generated against both Xenopus proteins: xEco1
andxEco2 (Fig. S2). Inextracts both xEco1and xEco2could be seen
to associatewith chromatin over the course of nuclear assembly and
replication; by 90 min after initiation of the reaction, the levels of

chromatin-associated Eco1 and Eco2 generally reached maximum
levels. Although our antibody to xEco1 was reasonably effective in
control immunoblots, the signal was weak in egg extracts (e.g., S2A,
lane1).This appears tobedue todevelopmental regulationofEco1,
which inXenopus is expressedonlyat low levelsuntil themidblastula
transition (MBT) (Fig. S2).WhereasEco1depletion had little to no
effect on the sororin recruitment, depletion of Eco2 caused a no-
table reduction in the levels of sororin on chromatin (Fig. 3A). This
reduction in sororinwasnot due tochanges in the level of cohesinon
chromatin, which was unaffected by Eco2 depletion (see mock vs.
ΔEco2; Fig. 3A). Consistent with Fig. 1A, depletion of cohesin did
not affect xEco2 loading, but did abolish loading of sororin
onto chromatin.
The replication inhibitors aphidicolin and p27 had no detect-

able impact on Eco2 loading, although sororin levels on chromatin
were greatly reduced, as above (Fig. 1B). Similarly, inhibition of
licensing by geminin, which blocked the recruitment of both
cohesin and sororin had only a partial effect on Eco2 recruitment
(Fig. 3D). Together these data indicate that Eco2 is necessary but
not sufficient for sororin recruitment to chromosomes. They also
clearly indicate that Eco2 recruitment alone does not underlie the
replication requirement for sororin binding.

Eco2 Must Be Present During DNA Replication to Recruit Sororin. To
rule out the possibility that an unidentified critical component was
codepleted from the extract along with Eco2, we attempted to
restore sororin loading by adding recombinant Eco2 to the extract.
When recombinant protein was added to Eco2-depleted extracts,
sororin recruitment to chromatin was restored (Fig. 3C, Lower, 0′
add back). Although in somatic cells Eco2-dependent acetylation
affects the rate of DNA replication (23), we saw no measurable
difference in replication rates between Eco2-depleted and control
extracts (Fig. S3). Thus delayed DNA replication cannot explain
the Eco2 requirement for sororin binding.
With the experiment in Fig. 3C we also addressed the question

of whether Eco2 might underlie the replication requirement
for sororin recruitment. We added recombinant Eco2 to Eco2-
depleted extract at various times after initiation of DNA repli-
cation and tested for the recruitment of both Eco2 and sororin to
chromatin. When added to the extract at the beginning of the
nuclear assembly reaction (t = 0 min), recombinant Eco2 bound
to chromatin and fully rescued sororin loading. However, al-
though Eco2 added at later time points was able to bind chro-
matin to endogenous levels, sororin recruitment was greatly
reduced (Fig. 3C,Middle andBottom). These data suggest that the
presence of Eco2 on chromatin during DNA replication allows
development of the sororin binding site and that Eco2 added after
replication cannot function in this capacity.

Sororin and Eco2 Are Coregulated by the Anaphase-Promoting
Complex. We noted the presence of a conserved KEN box in
several Eco2 proteins (Fig. S4), which in many Cdh1-dependent
APC substrates serves as a destruction signal (24). To test whether
Eco2 is a substrate of the APC we incubated in vitro-translated
radiolabeled xEco2 in interphase extracts that had been supple-
mented with either recombinant cyclin B or Cdh1. Cyclin B drives
the extract into mitosis and results in activation both of mitotic
kinases and of the APC by the endogenous Cdc20. Cdh1 activates
the endogenous APC directly. Once the APC is activated, the
extract contains the remaining factors for ubiquitin-dependent
proteolysis, and substrates are rapidly degraded. When cyclin B
was added to the extracts the electrophoretic mobility of the in
vitro-translated xEco2 decreased, consistent with mitotic phos-
phorylation of the protein, although the level of the protein was
unaffected. In contrast, xEco2 was rapidly degraded following
addition of Cdh1 (Fig. 4A). Conversion of the KEN to an AAA
sequence in xEco2 completely stabilized the protein over the
course of the experiment (Fig. 4A, Lower Right).

Fig. 2. The sororin-binding site remains after DNA replication is complete.
(A) Experimental scheme to test whether sororin binds chromatin only during
DNA replication or after replication is complete. Aliquots of a nuclear as-
sembly reaction in sororin-depleted extract were supplemented with in vitro-
translated sororin at indicated times after the start of the reaction (t = 0, 30,
60, 90, or 120′, Upper). Following sororin addition, chromatin fractions were
isolated immediately (0′) and at 7.5 and 15′ and assayed by immunoblot for
cohesin (Smc3) and sororin (B). (C) DNA replication was assessed in extract
depleted for sororin (as used in B) and mock-depleted extract. (D) Chromatin
was collected from all reactions shown in (B) at 150′ after the start of the
experiment and analyzed for cohesin (Smc3) and sororin by immunoblot.
Ongoing replication is not required for sororin recruitment. (E) Nuclei were
added to a sororin-depleted extract and the reaction was allowed to proceed
for 60′. Aphidicolin (or DMSO control) was added. After 10 min, in vitro-
translated sororin was added to both extracts and the levels of chromatin-
associated Smc3 and sororin were assessed by immunoblot. (F) DNA replica-
tion levels over a 30-min period from the time of sororin addition.
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When analyzed by immunoblot, endogenous xEco2 in egg
extracts underwent similar APC-dependent regulation, shifting in
the presence of cyclin B and being degraded following Cdh1 ad-
dition (Fig. 4B). Although most vertebrate orthologs of Eco1 also
contain a KEN box (Fig. S5), xEco1 showed no evidence for APC-
dependent degradation (Fig. 4A). These data are consistent with
the somatic expression profiles, in which Eco2 levels decrease at

mitotic exit, whereas Eco1 levels are relatively constant. There is
an additional significant decrease in Eco2 levels in G2, suggesting
that additional mechanisms control Eco2 levels in response to cell
cycle progression (25). The data presented here indicate that
Eco2 and sororin, which we have shown work together, are cor-
egulated by APC-dependent ubiquitination.

Discussion
Our data are consistent with the model shown in Fig. 5, in which
activities at the replication fork stimulate Eco2-dependent acet-
ylation of cohesin, resulting in cohesion establishment. Sororin is
then able to recognize and stabilize this “established” conforma-
tion. We have shown that Eco2 is not able to rescue sororin re-
cruitment when it is added to the system after DNA replication,

Fig. 3. Eco2 is required for recruitment of sororin to chromatin. (A) Nuclei were added to interphase extracts that were mock depleted (mock) or immunodepleted
of Eco1 (ΔEco1), Eco2 (ΔEco2), Eco1 and Eco2 together (ΔEco1/2), cohesin (ΔSmc3), or sororin (ΔSor). At the indicated times, chromatin fractions were isolated and
analyzed by immunoblot for the presence of topoisomerase (loading control), Smc3, Eco2, and sororin. (B) Protein levels in total extract. Depleted extracts used in
Awere analyzed by immunoblot for topoisomerase II, Smc3, or Eco2 (Eco1 was undetectable in this experiment, and sororin was obscured by background bands in
total extract). (C) Rescue of sororin recruitmentwith recombinant Eco2 interphase extract was depletedof Eco2 and either left unsupplemented (−) or supplemented
with recombinant 6His–Eco2 at 0, 60, or 120′ as indicated (Upper). Chromatin-bound fractions were collected at both 90 and 150′ after sperm addition and analyzed
by immunoblot for the presence of Smc3, Eco2, and sororin. Also shown are immunoblots for Eco2 and Smc3 in total extracts (extract) (Upper). Coomassie-stained
histones were used as loading controls. (D) Eco2 recruitment to chromatin independent of replication interphase extracts were supplementedwith geminin, p27, or
aphidicolin as in Fig. 1. Chromatin-associated proteins were analyzed at the indicated times after the addition of sperm nuclei.

Fig. 4. Eco2 is a substrate of Cdh1-activated APC. (A) Radiolabeled in vitro-
translated proteins (indicated at Left: cyclin B, sororin, xEco2, xEco1, and
xEco2KEN) were incubated in interphase extract (IE), extract supplemented
with cyclin B (+CycB), or supplemented with Cdh1 protein (+Cdh1). Aliquots
were removed at the indicated times (t = 0, 45, 90, and 135′), separated by
SDS/PAGE, and the gel was dried and exposed in a phosphor storage cas-
sette. The phosphorimages are shown. Loading controls are shown in Fig. S6.
(B) APC-dependent degradation of endogenous Eco2 protein interphase
extract was analyzed by immunoblot for Smc3, Eco2, and sororin at the in-
dicated times following the addition of buffer alone (IE), recombinant cyclin
B (+CycB), or Cdh1 (+Cdh1).

Fig. 5. Models for regulation of cohesion by sororin and Eco2 cohesin (green
clamps) associates with chromatin (blue) before DNA replication. DNA replica-
tion either promotes activation of the Eco2 acetyltransferase (orange) directly,
causing it to modify the cohesin complex, or causes a change in the cohesin
complex (indicated as opening of the complex), which makes it a good Eco2
substrate. Once the cohesin complex is modified by Eco2 it can be bound by
sororin (yellow) (A). Eco2 added after DNA replication is able to bind chromatin,
but unable to modify cohesin and generate the sororin-binding site (B).

Lafont et al. PNAS | November 23, 2010 | vol. 107 | no. 47 | 20367

CE
LL

BI
O
LO

G
Y

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1011069107/-/DCSupplemental/pnas.201011069SI.pdf?targetid=nameddest=SF5
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1011069107/-/DCSupplemental/pnas.201011069SI.pdf?targetid=nameddest=SF6


suggesting that the presence of Eco2 near the site of active rep-
lication is necessary for cohesion establishment. Mechanistically,
there are two possible explanations for this. First, Eco2 catalytic
activity might be stimulated by activities related to DNA replica-
tion. Alternatively, the cohesin complex itself might be somehow
altered during passage of the replication fork in a way that makes it
a proper substrate for Eco-dependent acetylation. In both models,
Eco2-mediated acetylation followed by sororin binding would
ensure cohesion establishment is replication dependent. The de-
pendency of sororin recruitment on DNA replication raises the
interesting possibility that cohesion establishment in vertebrates
may not be completed until G2. Consistent with this notion, so-
rorin is required for stable association of cohesin with chromatin in
G2 cells (17). Although no molecular determinant for this stability
has been identified, it is assumed that this stability represents
cohesin complexes that are actively holding chromatids together.
It is not clear why there are two Eco proteins in vertebrates,

whereas in other organisms there is only one. Depletion of either
homolog from HeLa cells results in cohesion failure, suggesting
nonredundant function. Interestingly, the single Eco protein in
budding yeast, Eco1/Ctf7, has different cohesin subunit sub-
strates, depending on the context in which it is used (26); it may be
that these functions have diverged to two separate proteins in
vertebrates. It is also possible that together sororin and Eco2
comprise a regulatory module that performs a function unique to
chordates, perhaps to assure cohesion is retained throughout
a relatively extended G2 period. The coregulation of sororin and
Eco2 by the APCCdh1 may also help prevent ectopic (such as
intrachromatid or interchromosomal) cohesion events particu-
larly in G1; it ensures that these positive regulators are abundant
only after there are in fact two sisters that can be tied together.
In vertebrates, a complex of Wapl and Pds5 destabilizes the in-

teractionbetweencohesinandchromatin inG2andprophase (8, 27).
Sororin may function by inhibitingWapl, either by direct binding, or
perhaps by preventingWapl’s access to cohesin. Future experiments
will elucidate the functional interaction between sororin, Eco2, and
the Wapl–Pds5–SA1/2 cohesin stability network.

Materials and Methods
Antibodies. Rabbit anti-sororin antibodies were generated by immunization
with recombinant full-length X. laevis sororin A. Rabbit anti-Smc3 antibodies
were prepared either by immunization with a C-terminal peptide (CEMAKDF-
VEDDTTHG) or with a recombinant fragment expressing the C-terminal 165
amino acids of human Smc3. Additional rabbit polyclonal antibodies against
xRad21 and xSmc1 (28)were generously provided by RebeccaHeald (University
ofCaliforniaBerkeley, BerkeleyCA). Rabbit anti-xEco1antibodywasgenerated
against a bacterially expressed fusionprotein encoding amino acids 537–678of
the full-length protein. Rabbit anti-xEco2 antibody was made by immunizing
with a bacterially expressed protein encoding amino acids 1–147 of the full-
length protein. Anti-topoisomerase antibody (29) was used for a loading con-
trol on chromatin immunoblots. All antibodies, with the exception of the anti-
topoisomerase antibody, were affinity purified.

Plasmids. Xenopus sororin A plasmids were described previously (18). The
sequence of sororin B was obtained from IMAGE clone 5511973 (Open
Biosystems). Sororin B protein was transcribed and translated from the same
clone using SP6 polymerase. Bacterial expression construct for geminin is
described elsewhere (20). The pET30-derived expression construct for His6-
tagged human p27 was a gift from Scott Plafker (University of Oklahoma
Health Sciences Center, Oklahoma City).

Proteins. In vitro translations were done using the TnT System (Promega) with
either SP6 or T7 polymerase as appropriate to the vector. In vitro-translated
sororinwas addedat 1:40 dilution to extract.Xenopusgemininandhumanp27
were expressed in bacteria, purified using standard molecular biology tech-
niques, and stored in aliquots at −80 °C until use. Where used, geminin was
added to a final concentration of 500 nM, and p27 was added to 200 nM. X.
laevis Eco2was expressed in Sf9 insect cells using vectors derived frompFastBac
(Invitrogen), purified using standard techniques and stored at−80 °C in 10mM
Tris 7.7, 300mMNaCl, 1 mMDTT, and 10%glycerol. Eco2 was added to extract
to near endogenous levels, ∼40 nM.

Other Reagents. Protease inhibitors included amixture of leupeptin, pepstatin,
and chymostatin, prepared (LPC; 10 mg/mL each, Sigma) and used as a 1,000×
stock in extracts where specified. Aphidicolin (AG Scientific), prepared as
a stock of 10 mg/mL, was dissolved in DMSO, stored in aliquots at −80 °C, and
diluted just before use in ELB and added to extracts at 150 μm.

Interphase Extracts and Sperm Preparation. Xenopus interphase extracts were
prepared essentially as described (30, 31). Eggs were collected in MMR (5
mM Hepes 7.8, 100 mM NaCl, 2 mM KCl, 1 mM MgCl2, 2 mM CaCl2, 0.1 mM
EDTA), dejellied in 2% cysteine in MMR, activated with ionophore (A23187,
Fisher) in 0.2× MMR, washed several times with EB (50 mM Hepes, 50 mM
KCl, 5 mM MgCl2, 2 mM DTT, 50 mM sucrose), packed (1,000 rpm for 1 min),
then crushed (10,000 rpm for 10 min) in a Beckman JS13.1 rotor. Following
the crushing spin the cytosolic layer was removed and supplemented with
0.15 volumes of EDBS (50 mM Hepes pH 7.6, 50 mM KCl, 2 mM DTT, 0.4 mM
MgCl2, 0.4 mM EGTA, 10% sucrose), cyclohexamide (100 μm) cytochalasin
(10 μg/mL), DTT (2 mM), and mixed well. The supplemented extracts were
spun at 27,000 rpm in a Beckman Sw55 rotor for 20 min at 4 °C, and the
supernatant, including the associated cloudy membrane layer, was mixed
thoroughly and then snap frozen in 100- or 200-μL aliquots in liquid nitrogen
and stored at −80 °C. Extracts were supplemented just before use with 50 μg/
mL cyclohexamide, prepared as a 10-mg/mL stock and stored at −80 °C, and
energy mix (5 μg/mL creatine phosphokinase, 20 mM phosphocreatine,
2 mM ATP, final) was prepared fresh from frozen components as a 35× stock.

Sperm preparation has been described previously (32). Briefly, isolated
testes were minced and washed in buffer X (100 mM Hepes pH 7.5, 800 mM
KCl, 150 mM NaCl, 50 mM MgCl2, 10 mM EDTA, 200 mM sucrose), vortexed
and spun with mild centrifugation (10 s at 1,000 rpm), repeating until su-
pernatant is clear. Combined supernatants are collected and centrifuged
twice (50 s at 1,500 rpm followed by 10 min at 4,000 rpm at 4 °C) to isolate
the sperm pellet that is then resuspended in buffer X and overlaid on a su-
crose gradient before centrifugation (25 min at 33,000 rpm at 4 °C). The
sperm pellet is then resuspended in buffer X and centrifuged (10 min at
5,000 rpm at 4 °C), resuspended in buffer X + 0.4% Triton X-100 + LPC and
incubated at 4 °C rotation for 30 min. This solution is laid over a sucrose
gradient and centrifuged (10 min at 2,100 rpm at room temperature),
resuspended in buffer X + 3% BSA + LPC and centrifuged (10 min at 2,100
rpm at room temperature) twice, and resuspended in buffer X + 3% BSA +
LPC + 1 mM DTT. Sperm concentration is determined by hemocytometer.

Immunodepletions. Affinity-purified antibodies were used in the following
amounts to deplete 100 μL extract: cohesin, 80 μg; sororin, 20 μg; Eco1, 30 μg;
and Eco2, 80 μg. Mock depletions were done with comparable amounts of
rabbit normal IgG (Jackson Immunoresearch). Antibodies were bound to
protein A beads (Affiprep, Bio-Rad or Dynabeads, Invitrogen) in 100 mM
phosphate buffer, pH 8.1. Beads were washed three times with phosphate
buffer and three times with ELB (10 mM Hepes, 50 mM KCl, 2.5 mM MgCl2,
1 mM DTT, 250 mM sucrose) before being incubated with extract for 1 h on
ice with occasional mixing at 4 °C. Affiprep and Dynabeads were removed
from the extracts by centrifugation at 12,000 rpm for 2 min in a fixed angle
rotor, or with a magnet for 1 min, respectively. Depletions were repeated
a second time, and the depleted extract was used immediately.

Chromatin Spin-Down Assays. All nuclear assembly reactions contained 3,400
sperm/μL and nocodazole (3.3 μg/mL) (Sigma Aldrich) unless otherwise
stated. To assay for chromatin association, 10-μL aliquots of nuclear assembly
reactions were collected, rapidly suspended in 60 μL ice cold ELB, and layered
onto a cushion composed of ELB containing 0.5 M sucrose. Samples were
spun for 25 s at 12,000 g in a horizontal rotor at 4 °C. The pellets were
resuspended in 150 μL ELB containing 0.6% Triton X-100 and layered on
a second cushion as above. Samples were spun for 1 min at 12,000 g,
resuspended in sample buffer, boiled for 3 min, and loaded in their entirety.
In all cases, the portion of the gel containing histones was removed and
stained to confirm uniform loading of the chromatin.

DNA Replication Assays. Replication reactions were supplemented with 32P-
dATP (3,000 Ci/mmol, Perkin-Elmer) to a final concentration of 0.1 μCi/μL, and
incubated for 150 min after addition of sperm nuclei. Ten-microliter aliquots
of nuclear assembly reactions were collected every 30 min and rapidly mixed
in 75 μL ice-cold stop buffer (0.5% SDS, 20 mM Tris, pH 8.0, 20 mM EDTA).
Proteinase K (0.5 mg/mL) was added, and incubated for 1 h at 37 °C, followed
by phenol extraction, and spotted onto filters for total and TCA precipitated
samples. Determination of percent replication was done as described (33).

20368 | www.pnas.org/cgi/doi/10.1073/pnas.1011069107 Lafont et al.

www.pnas.org/cgi/doi/10.1073/pnas.1011069107


Degradation Assays. Baculovirus-expressed human Cdh1 (450 nm final) or
bacterially expressed cyclin B (250 nm final) were added to extract supple-
mented with 35S-radiolabeled xCyclin, xEco1, xEco2, or sororin A (for auto-
radiogram) or to unsupplemented extract (for immunoblot analysis). Phos-
phorImager analysis was performed on a Molecular Dynamics Storm 840 (GE
Life Sciences).

Alignments. Protein alignments were done using the ClustalW algorithm
included with the Lasergene software suite (DNAStar).
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